most often they lack effective and specific treatment. This fact and the increasing knowledge of molecular mechanisms of disease-causing mutations has boosted the search for mutation-targeted molecular therapies that can be developed for the benefit of individuals affected by rare diseases, but which also have the potential for broadening their application to the treatment of more common disorders.
In this context, extensive genotyping in different genes has revealed that in most diseases a substantial fraction of patients, generally ranging between 10 and 30%, are carriers of nonsense mutations (HGMD Professional Release 2011: http://www.hgmd.cf.ac.uk/ac/index. php) [Mort et al., 2008] , which introduce a premature termination codon (PTC) in the mRNA that is in turn degraded by the nonsense-mediated mRNA decay (NMD) pathway [Kuzmiak and Maquat, 2006] . NMD acts as a quality-control surveillance mechanism that selectively degrades mRNAs harboring PTCs to prevent the synthesis of truncated proteins with potential dominant-negative or toxic gain-of-function activities. Recognition of a stop codon as premature involves a protein complex known as exon junction complex (EJC) that is deposited on mRNAs during splicing. Interaction between the EJC and NMD factors assembled at the PTC after a pioneer round of translation triggers the degradation of the transcript [Chang et al., 2007] . An experimentally defined rule indicates that NMD is triggered by PTCs located 1 50-55 bp upstream of an EJC, although several exceptions have been described [Asselta et al., 2001 ]. Thus, nonsense mutations generally result in low levels of transcripts encoding a truncated protein devoid of activity and so are considered mutations of severe effect ( fig. 1 ) . However, the discovery that aminoglycoside antibiotics induce nonsense mutation readthrough and thus synthesis of functional full-length protein in cystic fibrosis [Howard et al., 1996; Bedwell et al., 1997] resulted in the development of what is called nonsense suppression therapy, using low-mo lecular-weight compounds to induce the translation machinery to recode a nonsense codon into a sense one [Keeling and Bedwell, 2011] ( fig. 1 ). These compounds, known as readthrough drugs, induce the binding of a near-cognate aminoacyltRNA to the PTC and the subsequent transfer of the corresponding amino acid to the nascent polypeptide, thus allowing translation to proceed in the correct reading frame to produce a full-length polypeptide. Nonsense suppression does not cause large effects on normal stop codon recognition and so protein function can be restored if the amino acid inserted at the PTC is tolerated or is the wild-type one. Data from several eukaryotic and prokaryotic experimental models suggest that glutamine may be inserted at nonsense UAG or UAA codons, whereas UGA can miscode to tryptophan [Harrell et al., 2002; Nilsson and Ryden-Aulin, 2003; Brooks et al., 2006] . Several studies have shown that the sequence context, i.e. the identity of the stop codon as well as the surrounding sequence, strongly influence readthrough efficiency. In particular, stop codon UGA followed by a C is most amenable to aminoglycoside-mediated Fig. 1 . Overview of the steps in the expression of PTC alleles resulting from nonsense mutations and of the suppression therapy using readthrough drugs. Genes with a nonsense mutation are transcribed, producing a PTC-bearing transcript that is degraded by the NMD mechanism if the PTC is 1 50-55 nucleotides upstream of an exon junction complex (EJC). Remaining transcripts result in truncated proteins devoid of activity. In the presence of readthrough drugs, translation proceeds over the PTC, resulting in a full-length protein which can be functional or non-functional, depending on the amino acid inserted at the PTC. Some aminoglycosides have been reported to stabilize mRNA, thus increasing the pool of transcripts available for readthrough [Bellais et al., 2010] .
readthrough [Manuvakhova et al., 2000; Keeling and Bedwell, 2002] . Low levels of available transcripts due to NMD may represent a limitation to the efficacy of nonsense suppression, and so regulation of this process with specific drugs has been suggested as potential therapeutic target, when combined with the use of readthrough compounds [Linde et al., 2007; Keeling and Bedwell, 2011] .
Since the seminal reports in cystic fibrosis, nonsense mutation readthrough has been documented in vitro and in cellular and animal models of different disorders, including Duchenne muscular dystrophy, Hurler's syndrome, diabetes, cystinosis, X-linked retinitis pigmentosa, and ataxia telangiectasia, among others [Barton-Davis et al., 1999; Keeling et al., 2001; Grayson et al., 2002; Lai et al., 2004] . Recessive genetic disorders caused by nonsense mutations are good candidates for readthrough treatment, as small amounts of functionally active protein may prove to be therapeutically relevant. In recent years, different compounds with readthrough activity have been developed based on aminoglycoside structure or identified in high-throughput screens, with the aim of developing a clinically applicable therapy lacking the toxic side effects of long-term use initially observed with aminoglycosides.
Readthrough Drugs
Gentamicin has been by far the most commonly used aminoglycoside to evaluate suppression therapy in different disease models. However, several studies have analyzed the effect of other aminoglycosides, including geneticin (G418), amikacin, kanamycin, sisomicin, paromomycin, lividomycin, tobramycin, hygromycin and streptomycin, all of them showing variable suppression effects in in vitro and in vivo systems [Manuvakhova et al., 2000; Linde and Kerem, 2008; Popescu et al., 2010] . The results indicated that structurally similar aminoglycosides could result in very different readthrough efficiencies, also depending on the sequence context of the PTC. For some of the aminoglycosides tested, the dose required to achieve a therapeutical effect may be too high for long-term clinical use. In fact, the first human trials carried out with gentamicin in cystic fibrosis and Duchenne/Becker muscular dystrophy patients revealed the disadvantages of regular intravenous administration and the risk of nephrotoxicity and ototoxicity as the aminoglycoside presented a narrow therapeutic window [Finkel, 2010] . Several approaches to reduce aminoglycoside toxicity are to date being explored, among them, coadministration of antioxidants and liposome encapsulation [Schiffelers et al., 2001; Kawamoto et al., 2004] . On the other hand, novel synthetic aminoglycoside derivatives designed to eliminate structural features responsible for toxic side-effects have been developed using a medicinal chemistry approach. These include NB30 and NB54, derived from paromomycin, and NB74 and NB84, both combining structural elements of several aminoglycosides [Nudelman et al., 2009 [Nudelman et al., , 2010 . These compounds have greater potency in vitro and in different cellular models than standard aminoglycosides, have little or no antimicrobial activity and show greatly reduced cytotoxicity. Other derivatives such as TC007 were shown to promote readthrough of the SMN protein in spinal muscular atrophy patients' fibroblasts and in an animal model of the disease [Mattis et al., 2009] . Negamycin, a non-aminoglycoside antibacterial dipeptide, has also been described to suppress PTC in Duchenne muscular dystrophy animal and cellular models [Arakawa et al., 2003] .
Using a different approach to avoid the limitations of rational design, chemical libraries have been screened using high-throughput assays for nonsense readthrough activity. In this way, the new non-aminoglycoside compound PTC124 was discovered. PTC124 or Ataluren binds eukaryotic ribosomes in a fashion distinct from aminoglycosides, showing potent PTC suppression while preserving the natural termination codon and offering the advantages of having no obvious toxic effects and being orally bioavailable [Welch et al., 2007] . In view of these promising data, the FDA granted orphan drug designation to PTC124 and the results of a phase III clinical trial in cystic fibrosis patients were recently released, showing a trend towards improved lung function (http:// p t c t . c l i e n t . s h a r e h o l d e r. c o m / R e l e a s e D e t a i l . cfm?ReleaseID=681445).
In other disease states, Duchenne muscular dystrophy, methylmalonic aciduria or haemophilia, clinical trials with Ataluren were discontinued as clinical efficacy was not obvious.
Other non-aminoglycoside compounds identified by high-throughput screens are RTC13 and RTC14, which were shown to suppress nonsense mutations in ataxia telangiectasia patients' cell lines and in myotube cells from a mouse model of Duchenne muscular dystrophy [Du et al., 2009] . These compounds, with a yet unknown mechanism of action, were non-toxic in mammalian cells and did not alter global expression patterns, substantiating their potential further therapeutic development.
Nonsense Suppression in Inherited Metabolic Disease
Inherited metabolic diseases (IMDs) are each individually rare genetic diseases, although collectively they affect approximately 1/3,000 newborns [Lindner et al., 2011] . The underlying cause of the disease is the functional deficiency of an enzyme or transport protein associated with a metabolic pathway and they are predominantly inherited in autosomal recessive fashion. For many of them there is to date no effective treatment and in all of them a fraction of patients are carriers of nonsense mutations which may be amenable to readthrough using one of the compounds described above. As in other recessive diseases, the presence of small amounts of functional protein have been described to be therapeutically relevant, as observed in knock-out murine models of propionic acidemia, where low enzyme activity levels (10-20%) resulting from a low expression transgene significantly improved the outcome preventing neonatal lethality [Miyazaki et al., 2001 ].
There are several examples of successful nonsense suppression in cellular and animal models of IMDs ( table 1 ) , starting with mucopolysaccharidosis type I or Hurler syndrome, characterized by lysosomal accumulation of glycosaminoglycans (GAGs) due to the deficiency of the ␣ -Lirudonidase enzyme encoded by the IDUA gene. In some populations, up to 76% of the IDUA mutations are of the nonsense type [Brooks et al., 2006] . In addition, even a small amount of functional ␣ -L-irudonidase may attenuate the phenotype [Bunge et al., 1998 ], thus making the disease a good candidate for suppression therapy. Gentamicin treatment of patients' fibroblasts heterozygous for the common nonsense mutations p.Q70X and p.W402X resulted in the recovery of ϳ 3% protein and activity levels, along with reduced GAG accumulation and lysosomal vacuolation [Keeling et al., 2001] . In another study, patients' fibroblasts carrying these and/or other nonsense mutations were also subjected to gentamicin treatment, again resulting in a detectable increase in ␣ -L-irudonidase activity in most of the cases, although levels obtained were residual compared to normal control or gentamicin- treated fibroblasts [Hein et al., 2004] . Furthermore, the authors did not report any substantial change in mRNA levels after gentamicin treatment. In a subsequent study, mouse embryonic fibroblasts derived from the Hurler syndrome mouse model carrier of the IDUA W392X mutation were treated with the conventional aminoglycosides gentamicin, G418, amikacin and paromomycin as well as with the designer derivatives NB54 and NB84. Overall, NB84 was found to be most efficient in partially recovering ␣ -L-irudonidase activity and this compound was then tested in vivo in the mouse model, where it was found to result in significantly reduced GAG accumulation and urine excretion [Wang et al., 2011] . Interestingly, brain tissues also showed a 20-40% decrease in excess GAG storage compared to untreated mice, indicating that these designer drugs can be used to alleviate neurological dysfunction in other disorders caused by nonsense mutations.
In cystinosis, a lysosomal cystine storage disorder, gentamicin treatment of patients' fibroblasts results in prolonged cystine depletion only in cells with nonsense mutations (p.W138X) [Helip-Wooley et al., 2002] . In another report, both gentamicin and PTC124 result in a modest increase in palmitoyl-protein thioestherase-1 activity in fibroblasts from patients homozygous for nonsense mutations in the PPT1 gene, responsible for infantile neuronal ceroid lipofuscinosis, another lysosomal storage disorder where nonsense mutations are present in 31% of the patients in the US [Sarkar et al., 2011] . PTC124 showed no cellular toxicity and the treatment reduced the level of thioesther load and apoptotic parameters, which are increased in these cells.
Peroxisome biogenesis disorders are multisystemic autosomal recessive disorders due to mutations in different PEX genes, resulting in the majority of the cases in Zellweger spectrum disorder, while a smaller fraction of cases are classified as rhizomelic chondrodysplasia punctata type 1. In the latter group, there is a common nonsense mutation, p.L292X in the PEX7 gene accounting for over 60% of the mutant alleles [Braverman et al., 2000] . In addition, as for lysosomal storage disorders, patients with residual mutant PEX gene function have milder phenotypes, so even a modest functional rescue with readthrough drugs could provide clinical benefits. In skin fibroblasts of Zellweger and rhizomelic chondrodysplasia punctata type 1 patients homozygous or heterozygous for nonsense mutations in different PEX genes subjected to G418 and PTC124 treatment, a dramatic improvement in peroxisomal assembly and function was observed in certain cases [Dranchak et al., 2011 ].
PTC124 was also tested for its ability to promote readthrough of the p.R160X mutation in the CPT1A gene causing carnitine palmitoyltransferase deficiency resulting in impaired hepatic long-chain fatty acid oxidation and ketogenesis [Tan et al., 2011] . Both with PTC124 and gentamicin, an increase in enzyme activity in patients' fibroblasts was observed, up to levels similar to the ones of a previously studied mild mutation. As in other studies, mRNA levels were unchanged after drug treatment.
Finally, several reports [Buck et al., 2009; FernandezGuerra et al., 2010a; Sanchez-Alcudia et al., 2012] have dealt with the potential of nonsense suppression in branched-chain organic acidurias, a group of disorders that result from a deficiency of specific enzymes involved in the catabolism of branched-chain amino acids, namely maple syrup urine disease, due to a defect in any of the genes BCKDHA, BCKDHB and DBT encoding the catalytic subunits of the branched-chain ␣ -ketoacid dehydrogenase complex, methylmalonic aciduria and propionic acidemia, due to the deficiency of methylmalonyl-CoA mutase ( MUT gene) and propionyl-CoA carboxylase ( PCCA and PCCB genes), respectively, both in the propionate oxidation pathway.
A genomic reporter vector coding for enhanced green fluorescent protein cloned in-frame after the MUT gene with a stop mutation in exon 6 was constructed and stable clones obtained after transfection in HeLa cells. In this system readthrough is monitored by measuring the fluorescence. Treatment of the reporter assay cell lines with gentamicin or a combination of this plus G418 resulted in an increase in fluorescence and in methylmalonyl-CoA mutase activity again providing proof-of-principle of the clinical potential of the readthrough strategy [Buck et al., 2009] .
In propionic acidemia, where nonsense mutations are present in approximately 10% of the patients, several approaches were undertaken to explore the feasibility of readthrough therapy. First, the effect of gentamicin and G418 were tested in an in vitro transcription/translation system for a total of 5 mutations in the PCCA gene and 6 mutations in the PCCB gene, revealing that at least 8 naturally occurring mutations are amenable to suppression by aminoglycosides to a detectable extent [Sanchez-Alcudia et al., 2012] . Representative results for the p.R313X mutation are shown in figure 2 . Second, in silico analysis and transfection experiments were carried out to establish whether the resulting full-length proteins are functional. Finally, using fibroblasts of patients with nonsense mutations, a therapeutically significant increase in enzyme activity for some mutations was demonstrated with gentamicin, G418 or PTC124. Consistent with other studies, UGA codons appeared to have the most efficient readthrough and there were significant differences in the response of different nonsense mutations to the different drugs. This indicates that the spectrum of nonsense mutations as well as the nature and pathophysiology of a disorder may influence the therapeutical outcome with readthrough drugs and should be evaluated in each case.
Preliminary studies have also shown that nonsense mutations, which are particularly frequent in the BCKDHB gene, are also amenable to readthrough, with high levels of full-length protein recovery in vitro and in vivo for mutants carrying the optimal tetranucleotide UGAC [FernandezGuerra et al., 2010a, b] .
Conclusions and Future Perspectives
There is an increasing number of studies providing proof-of-principle of nonsense suppression of aminoglycosides and other compounds in the laboratory and in clinical practice. The results to date favor the feasibility of this approach, providing evidence that this mutationspecific therapy could be applied to many different genetic disorders irrespective of the pathophysiology resulting from the protein dysfunction. There are still some issues to be resolved on a gene by gene basis such as the sequence context of the nonsense mutations identified, available transcript levels and their modulation through the NMD pathway and activity of the resultant fulllength protein in each case. In addition, different delivery strategies are being explored for each specific gene defect, such as transdermal delivery for muscular dystrophies, which could improve treatment specificity maintaining low plasma drug levels and improving patient compliance [Shiozuka et al., 2010] . Most important, present research aims should be focused in the discovery and development of novel compounds with enhanced readthrough activity and reduced toxic side effects, along with their evaluation in clinical trials, with the hope that the carriers of nonsense mutations can be successfully treated in a not too distant future. 
